Abstract The cheletropic elimination process of N 2 from (2,5-dihydro-1H-pyrrol-1-ium-1-ylidene) amide (C 4 H 6 N 2 ) has been studied computationally using density functional theory, along with the M06-2X/aug-cc-pVTZ level of theory. The calculated energy profile has been supplemented with calculations of kinetic rate constants using transition state theory (TST) and statistical Rice-Ramsperger-Kassel-Marcus (RRKM) theory. This elimination process takes place spontaneously with an activation energy around 33 kJ/mol. Pressure dependence of the rate constants revealed that the TST approximation breaks down and fall-off expression is necessary for the kinetic modeling. At temperatures ranging from 240 to 360 K and atmospheric pressure, the unimolecular rate constant is evaluated from RRKM theory as . Bonding changes along the reaction coordinate have been studied using bonding evolution theory. Electron localization function topological analysis reveals that the cheletropic elimination is characterized topologically by four successive structural stability domains (SSDs). Breaking of C-N bonds (Rx = 0.1992 amu 1/2 Bohr) and the other selected points separating the SSDs along the reaction coordinate occur in the vicinity of the transition state.
Introduction
A reaction mechanism describes in detail how bond breaking and bond forming processes take place at the microscopic level along the channel connecting reactants to products through the corresponding transition structure (TS). A widely used approach to obtain a robust quantitative definition of chemical bonding is based on the idea of bond basin population derived from the electron localization function (ELF) theory proposed by Becke and Edgecombe [1] , which has been extensively developed by Silvi and Savin [2] . This method has been extensively applied recently to study the molecular mechanisms of a wide range of organic reactions, such as Cope rearrangements, Diels-Alder, 1,3-dipolar and other cycloadditions, the Friedel-Crafts reaction, the Staudinger reaction. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Cycloaddition reactions in particular have been extensively studied by Domingo and coworkers. Domingo [3, 19, 20] believes that breaking of the C=C double bonds and formation of the new C-C single bonds in the Diels-Alder reaction between butadiene and ethylene is non-concerted and formation of the C-C single bonds takes place through the C to C coupling between the generated pseudoradical centers due to the breaking of C=C double bonds. Similarly, the 1,3-dipolar cycloaddition reaction of fulminic acid and acetylene has been studied by Polo et al. [5] . They found that, in the first step, C-C single bond formation takes place via a C to C coupling between the generated pseudoradical centers and finally the ring closure arises due to a dative process involving sharing of the lone pair of the oxygen atom toward a carbon atom of acetylene. In spite of the fact that the reaction mechanisms of a number of pericyclic reactions have been studied using the ELF method, surprisingly little attention has been paid so far to the elucidation of the molecular mechanisms of cheletropic reactions. According to the Woodward-Hoffmann rules, the cheletropic reaction is a cycloaddition across the terminal atoms of a fully conjugated system involving the formation of two new r bonds to a single atom in a concerted process. Elimination of simple stable molecules such as CO, N 2 , N 2 O and SO 2 from an unsaturated ring is often referred to as a cheletropic extrusion or elimination process [21] (see Scheme 1) . Cheletropic extrusion is one of the most frequently studied examples of unimolecular thermal elimination reactions.
Scheme 1 Cheletropic reaction
The pressure-dependent kinetics of the thermal unimolecular decarbonylation of 3,5-cycloheptadienone (CHD), 3-cyclopentenone (CPE) and norbornenone (BCH) has been experimentally studied using shock tube and continuous waveform CO probe laser by Buxton et al. [22] A non-linear least-squares fitting of the pressuredependent kinetic data lead to the following Arrhenius expressions: Fall-off curve results indicated that, at atmospheric pressure and the lower pressures of the troposphere, the rates of decarbonylation of CHD and BCH are in the fall-off realm. A series of eight thermal cheletropic decarbonylation has been studied theoretically by Birney et al. [23] . Their results indicate that reaction pathways and activation energies depend on the molecular orbital topology. They also showed that two orbital disconnections are sufficient to allow a reaction to be pseudopericyclic and to have an approximately planar transition structure. The cheletropic reactions of 1,3-dienes with sulfur dioxide have been extensively investigated experimentally by Isaacs et al. [24] and theoretically by Suárez et al. [25] . Isaacs and co-workers observed that an electron-withdrawing group can reduce the activity of the diene, and a two-step mechanism was proposed based on theoretical results. Cheletropic extrusion of N 2 from (2,5-dihydro-1H-pyrrol-1-ium-1-ylidene) amide (C 4 H 6 N 2 ) has been experimentally studied by Lemal and McGregor [26] . They showed that the reaction of 3-pyrroline 1 with nitrohydroxylamine gives rise to the diazene intermediate 2, in which the elimination of nitrogen can occur in high yield according to a concerted process (see Scheme 2) .
Despite its apparent simplicity, the kinetics and nature of the reaction mechanism of cheletropic extrusion of N 2 from (2,5-dihydro-1H-pyrrol-1-ium-1-ylidene) amide (C 4 H 6 N 2 ) have not been investigated so far, and will be the subject of the present study. To this purpose, kinetic rate constants in the high pressure limit will be Scheme 2 Production of diene from 3-pyrroline Understanding the kinetics and mechanism of thermal… 1577
supplied by means of transition state theory (TST) [27] [28] [29] , and their fall-off behavior at lower pressures will be studied using statistical Rice-RamspergerKassel-Marcus (RRKM) theory [30] [31] [32] [33] . A topological analysis of bonding changes along the reaction using the electron localization function approach is implemented in order to establish which molecular mechanism is associated with this reaction.
Theory and computational details
All electronic structure calculations that are discussed in this research have been done using the Gaussian 09 package of programs [34] . Geometry optimizations have been performed using the GEDIIS [35] optimizer of the Berny algorithm along with the M06-2X density functional of Zhao and Truhlar [36, 37] , in conjunction with Dunning's correlation-consistent basis set of triple-f quality augmented with diffuse functions (aug-cc-pVTZ basis set) [38] . The nature of all identified stationary points has been verified according to calculations of harmonic vibrational frequencies at the same level of theory as the geometry optimization. Intrinsic reaction coordinate (IRC) analysis has been carried out in both directions (forward and backward) along the reaction path to verify whether the located transition state structure connects to the corresponding reactant and products, using the Hessian based predictor corrector (HPC) integrator algorithm [39] [40] [41] . Rate constants for the unimolecular reaction have been obtained in the high pressure limit at temperatures equal to 300, 500, 700, and 900 K, using standard transition state theory [42] :
where k B is Boltzmann's constant, T is the absolute temperature, h is Planck's constant and E = is the activation energy, defined as the difference in zero-point corrected potential energy between the transition state and the reactant. Q = and Q R denote the canonical partition function per unit volume of the TS and the reactant, respectively, without rotational symmetry numbers. Reaction symmetry number r = 1 is taken into consideration according to the C 1 point groups of symmetries of the reactant and the transition state. Kinetic rate constants are corrected by multiplying the TST rate constants in the Wigner and Eckart tunneling correction factors. The Wigner tunneling correction [43] has been considered as follows:
where Im(m = ) is the imaginary vibrational frequency of the relevant transition state. Tunneling effects based on the unsymmetrical Eckart potential energy barrier [44] can be calculated by numerically integrating the probability p(E) of transmission through the corresponding 1D barrier at energy E over a Boltzmann distribution of energies:
where DH
is the zero-point corrected energy barrier in the forward direction. Uncorrected and corrected rate constants are fitted to the 3-parameters conventional Arrhenius (modified Arrhenius) equation.
Also, the thermal rate constants are calculated on a microcanonical basis from the standard RRKM expression [31] [32] [33] to evaluate pressure effects both in the fall-off regime and towards the high pressure limit along with the following equation:
In the above equation,
= and I are the average of the two largest moments of inertia, G(E) is the total number of states of the transition state with energy less than or equal to E, E o is the zero-point-corrected threshold energy, Q 6 ¼ 1 and Q 1 are the partition functions for adiabatic rotations of the transition state and reactant respectively, and Q 2 is the partition function of the active degrees of freedom (vibrations ? K-rotor) of the reactant, without rotational symmetry numbers. The strong collision approximation is used assuming that every collision deactivates with x = b c Z LJ [M] being the effective collision frequency, where b c is the collisional efficiency, Z LJ is the Lennard-Jones collision frequency and [M] is the total gas concentration. The collision frequencies (Z LJ ) were calculated using the Lennard-Jones parameters: e/k B , which depends on the energy depth (e) of the Lennard-Jones potential and r, which represents a dimensional scale of the molecular radius. The retained Lennard-Jones potential parameters were r = 3.465 Å , e/k B = 113.5 K for argon as diluent gas [45] , and r = 4.700 Å , e/ k B = 393.1 K for C 4 H 6 N 2 . For all RRKM calculations, collisional efficiency b c = 0.2 has been used. All supplied values for unimolecular kinetic rate constants are the results of calculations that were performed using the implementation of canonical transition state theory and statistical RRKM theory in the Kinetic and Statistical Thermodynamical Package (KiSThelP) by Canneaux et al. [46] . In all calculations a scaling factor of 0.956 was imposed on the calculated frequencies at the M06-2X/aug-cc-pVTZ level of theory [47] .
Bonding changes along a reaction path can be studied from the characterization of the electron-density reorganization using bonding evolution theory (BET), consisting of the joint-use of ELF topology [1] and Thom's catastrophe theory (CT) proposed by Krokidis et al. [48] . An orbital independent description of the electron localization can be described according to the Electron Localization Function (ELF) [48] , which reads:
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ELF has values between 0 and 1, where 1 corresponds to a perfect localization, D r has the physical meaning of the excess of local kinetic energy density due to Pauli's repulsion, and D o r is the Thomas-Fermi kinetic energy density, which can be regarded as a renormalization factor [48] . A topological analysis of the ELF provides core basins and valence basins, which are the domains in which the probability of finding an electron pair is maximal. The valence basins are characterized according to their synaptic order, that is, the number of core basins sharing a boundary with the valence basin. Monosynaptic basins, labelled V(A), correspond to lone pairs or non-bonding regions, while disynaptic basins, labelled V(A,B), connect the core of two nuclei A and B, and thus correspond to a bonding region between A and B [48, 49] .
According to the type of attractor, the average population for a topological basin labeled X i [50] is defined by:
The topological analysis of the ELF was performed for all the selected structures along the reaction coordinate by means of the TopMod program [51] upon the calculated M06-2X/aug-cc-pVTZ wavefunctions.
Results and discussion
An analysis of the reaction along the reaction coordinate indicates that breaking of two C-N single bonds takes place through a one-step process. The geometry of the TS involved in the cheletropic elimination of N 2 from (2,5-dihydro-1H-pyrrol-1-ium-1-ylidene) amide (C 4 H 6 N 2 ) is given in Fig. 1 . The length of the breaking C-N single bonds, of the forming double C=C bonds, and of the C 2 -C 3 bond at the TS are equal to 1.794, 1.433, and 1.359 Å , respectively.
The evaluation of the global electron-density transfer (GEDT) along the reaction is made using electrostatic Hirshfeld population analysis [52] . The Hirshfeld population analysis of the TS yields a GEDT flux of 0.041 ē from the nucleophilic 1,3-butadiene unit toward the electrophilic N 2 part, which shows that this reaction has a non-polar character. The predicted harmonic vibrational frequencies and rotational moments of inertia for the reactant and its TS are shown in Supporting Information (Table S1 ) and applied for calculating rate constants and other kinetic parameters. Relative enthalpies, entropies and Gibbs free energies of the stationary points involved in the cheletropic elimination of N 2 from C 4 H 6 N 2 are calculated at temperatures ranging from 300 to 900 K, and given in Supporting Information (Table S2 ).
All obtained temperature-dependent TST rate constants and fitted modified Arrhenius parameters for the cheletropic elimination of N 2 from C 4 H 6 N 2 are presented in Table 1 . Further fall-off plot for the unimolecular rate constants (k uni ) as a function of pressure, high pressure limit of rate constants (k ? ), atmospheric rate constant (k 1atm ), low pressure limit of rate constants (k o ), transition pressure (P 1/2 ) values and their Lennard-Jones collision frequency (Z LJ ) values at the same temperatures are computed by means of RRKM theory, and presented in Fig. 2 and Table 2 .
The cheletropic elimination of N 2 from C 4 H 6 N 2 is an exothermic and spontaneous process (Supporting Information, Table S2 ) which presents a low activation energy. The low activation energy and the strong exothermic character of the reaction together with the positive entropic effect make the C 4 H 6 N 2 compound thermally unstable, since it readily undergoes the elimination process. The supplied kinetic results using TST theory (Table 1) indicate that at a pressure of 1.0 atm the Table 1 The temperature-dependent rate constants, tunneling corrections, and fitted modified Arrhenius parameters (k = AT n exp[-E a /RT]) calculated by means of TST theory rate constants are positively dependent on the temperature and the tunneling effect on the reaction rate at the highest temperatures is negligible. Inspection of Fig. 2 and Table 2 shows that the RRKM unimolecular rate constants obtained for the reported reaction pathway increase with increasing temperatures. Upon inspecting the RRKM data displayed in Fig. 2 , it appears quite clearly that at the temperatures 300, 500, 700 and 900 K, pressures larger than about 10, 10 2 , 10 3 , and 10 4 atm are required for ensuring a saturation to the high pressure limit of the RRKM unimolecular rate constants, showing that transition state theory breaks down and the fall-off expression is necessary for the kinetic modeling. Upon applying RRKM theory over the temperature range 240-360 K and at 1 atm, the unimolecular rate constant can be evaluated as follows: This reaction is going to be incredibly fast at room temperature, and indeed, the RRKM rate constant corresponds to a lifetime of 6 9 10 -7 s for C 4 H 6 N 2 at ambient conditions. Transition pressure values show that the unimolecular rate constants of the cheletropic elimination reaction at atmospheric pressure and the lower pressures of the troposphere are in the fall-off regimes.
The BET study of the cheletropic elimination of N 2 from (2,5-dihydro-1H-pyrrol-1-ium-1-ylidene) amide (C 4 H 6 N 2 ) indicates that this reaction along the intrinsic reaction coordinate can be topologically divided into four differentiated phases. The reaction path calculated by means of the IRC method, together with the relative position of seven selected points, is shown in Fig. 3 . The population of the most relevant ELF valence basins of the reactant (R), products (P) and the seven selected points (P i ; i = 1-7) along the reaction coordinate are presented in Table 3 . Lewis representation of bonding changes along the selected points is given in Fig. 4 ; the ELF attractor positions for the most relevant points along the IRC and the disynaptic basin population changes along the reaction path are shown in Supporting Information (Figs. S1 and S2 ). N 6 ) have decreased continuously to 3.21, 1.75, 1.75 and 3.34 ē, respectively. The populations of the two monosynaptic basins V (N 6 ) and V 0 (N 6 ) have decreased to 1.93 yielding an integrated population of 3.86 ē. These changes in basin populations at P 2 point (TS) are associated with a GEDT equal to 0.041 ē from the diene framework. Additional information about the nature of bonding in the transition state may be deduced from discrimination between basins by the reduction of reducible domains. In Fig. 5 the tree reduction diagram (bifurcation graph) of ELF localization domains shows the hierarchy of ELF basin domains. Increasing in the population of the disynaptic basins V (C 1 -C 2 ) and V (C 3 -C 4 ) at this phase are associated to the formation of the C 1 =C 2 and C 3 =C 4 double bonds.
At point P 6 the population of the V (C 1 -C 2 ), V (C 3 -C 4 ) disynaptic and V (N 5 ) monosynaptic basins exceed than 3 ē. Finally, at point P 7 , d C-N = 2.375 Å , the V (C 1 -C 2 ) and V (C 3 -C 4 ) disynaptic basins split into two pairs V (C 1 -C 2 ), V 0 (C 1 -C 2 ) and V (C 3 -C 4 ), V 0 (C 3 -C 4 ) disynaptic basins, which integrate to 1.58, 1.58 and 1.70, 
Conclusions
The cheletropic elimination process of N 2 from (2,5-dihydro-1H-pyrrol-1-ium-1-ylidene) amide (C 4 H 6 N 2 ) has been studied computationally using density functional theory along with M06-2X exchange-correlation functional and an extremely large basis set (aug-cc-pVTZ). Kinetic rate constants were correspondingly estimated in the high pressure limit by means of transition state theory, on the grounds of partition functions calculated using the rigid rotor-harmonic oscillator approximation. Their pressure dependence has been investigated by means of statistical RiceRamsperger-Kassel-Marcus (RRKM) theory in the pressure range 10 -7 -10 7 atm and at temperatures equal to 300, 500, 700, and 900 K. Energetically, elimination of N 2 from C 4 H 6 N 2 is exothermic and exoergic with a low activation energy, around 33 kJ/mol. The tunneling factor at ambient temperature is *1.3, while at higher studied temperatures this factor becomes negligible. Fall-off curve regimes indicate that the transition-state-approximation breaks down for the studied unimolecular reaction. The RRKM unimolecular rate constant of the cheletropic elimination at 300 K and 1 atm is equal to 1.7986 9 10 6 s -1 . Its temperature dependence at this level of theory can be described as follows: 
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